Halloysite is commonly occuring in Poland a natural mineral which, due to its structure is very popular among researchers. First of all, the large number of sorption areas and their various selectivity makes the material capable of adsorbing the compounds of different nature at the same time. As a result, there is a lot of possible applications. In addition, ease of functionalization of the surface of the material increases its sorption capacity and makes its more attractive.
INTRODUCTION
Natural minerals, due to their structure, are used in many industries, environmental protection, but particularly important is their application in sorption processes. Adsorption is one of the highly effective and relatively inexpensive techniques used in water treatment.
Good adsorbent should be characterized by high adsorption capacity due to high specific surface and pore size, high selectivity, good mechanical properties, stability and strength and low production costs. The most famous adsor-bents include activated carbon, silica, however, there are still ongoing studies on the possibility of receiving new, cheaper materials with high sorption capacity [1, 2] . Natural minerals are more attractive here because of their prevalence and low costs.
One of the representatives of this group of minerals is halloysite. It belongs to the aluminosilicate group, where the Al:Si ratio is 1:1. Halloysite was first described by Berthier in 1826 [3] . It is chemically similar to kaolinite, there is an empty structure in it. It can be in the form of long tubes, which, in terms of morphology, remind carbon nanotubes. The name of the mineral comes from its discoverer O. d'Halloy, who in the eighteenth century was the first who analized the structure of this mineral. It is extracted in China, France, Belgium, New Zealand.
However, its largest deposits are located in Poland. Extraction at the Dunino mine, located near Legnica, equals 12 million tons per year. Halloysite belongs to the group of double layer minerals [4] . Due to its properties and structure, it is easy to modify and enhance potential applications. High porosity, surface area and ion exchange make it highly popular among researchers [5, 6, 7] . In particular, it is widely used in the sorption process of dyes, biologically active substances [8, 9, 10, 11] .
CHARACTERIZATION OF MINERAL
Halloysite is formed from kaolinite as a result of hydrothermal and geological processes. It often occurs in soils of volcanic areas [12] . It has a white color. However, sometimes Al and Si ions can be replaced by Fe , etc. then we can find a mineral of yellow, brown, or green colour, depending on the deposit [13] . It is constructed of a tetrahedral silicon layer and an octahedral aluminum layer (Fig.1) .
Unlike kaolinite, the individual layers are separated here [14] . The outer walls are made of silicon and the inner surface is made of aluminum. Halloysite particle size is in the range of 1-15 µm of the length and 10-150 nm of the diameter, depending on the extraction site [4] . The specific surface area is approximately 26 m 2 /g [15] . The thickness of the hydrated bilayer is 10.2Å and the anhydrous 7.2Å. The pore volume is 0.08 cm 3 , of which 99% are mesopores [16] . Halloysite occurs in two polymorphic forms (Fig. 2, 3) . The hydrate form is defined as the mineral of a structure of the kaolinite, containing interlayer water molecules that are weakly bonded and can be irreversibly removed. On the diffractogram there is shown an intense peak 10.1 Å, which, which heated to a temperature of 110°C disappears, a 7.2 Å gap is formed and anhydrous form is formed [18] . The direction of a coincides with the axis of the nanotube and the direction c is the normal aluminosilic layer. Paramter c of the elemental cell changes as a result of a dehydration process. This process also causes that the diameter of the nanotube increases by 10-15%. At a temperature of approx. 500-600°C, a mineral undergoes dehydroxylation and there appear a loss of mass, what shows an endothermic peak, then it is stable up to 1000°C [19] . Figure 4 shows the XRD for pure halloysite. It indicates that it is a highly crystalline mineral. Intense peak at 4.46Å indicates the tubular structure of the mineral [18] . Due to the diversity of geological and crystallization processes, halloysite may be present in various morphological form, tube, spheroidal particles or plates [20, 21, 22] . The most common is the tubular form. It is composed mainly of SiO 2 and Al 2 O 3 , in addition, it may contain trace amounts of impurities and contaminations, eg. TiO 2 , CaO, Na 2 O, K 2 O. The most common contamination is iron oxide (about 3% weight). The high iron oxide content may be due to the presence of associated in the mineral iron oxides, as well as isomorphic substitutions higher Fe 3+ and Al 3+ + in octahedron layers. The iron content influences to the morphology of the mineral [23] . Plate structures contain relatively large amounts of this element and in the pipe it is the least of it. In addition, impurities can generate defects in the structure. Density functional based on tight binding methods confirm the stability of the mineral structure [24] . Halloysite belongs to the group of insulators, it has polydispersive properties [25] . This mineral is less rigid than the carbon nanotubes. Halloysite is environmentally friendly. Is a biocompatible material which is confirmed by cytotoxicity tests. In contrast to the synthetic nanomaterials, halloysite it is cheap and easily available material with many interesting application possibilities [26] .
SORPTION PROPERTIES
Due to its structure, halloysite is characterized by high sorption capacity. Between the individual tiles there are free spaces, so called galleries where can adsorb ions and molecules. In the octahedral and tetrahedral layer there are gaps that because of the diverse potential are also great places of sorption (Fig. 5) . The interiors of nanotubes and the surfaces between the grains consist another space.
The unique properties of halloysite are due to differences in the structure of the inner and outside surface of the material. Halloysite nanotube may be a carrier for many substances, for example, drugs [28] [29] [30] [31] [32] [33] [34] , enzymes [10, 11] , interiors of the space and between the layers. There can be adsorbed both hydrophilic and hydrophobic particles, depending on the preparation of halloysite. Aluminum and silicon have different dielectric and ionizing properties, hence the halloysite potential ξ is negative at pH 6-7 due to the negative potential of SiO 2 and a slight impact of the positive charged inner surface of Al 2 O 3 . The occurrence of various charges inside and outside surfaces of the nanotubes allows for selective ability to modify and for the sorption of the compounds of very diverse character. The surface charge of the mineral can be radically altered by cationic substitution. Unlike kaolinite, single plates are not connected here. There is a greater distance between the layers than that of kaolinite, which results from the presence of water or different cations. In the kaolinite, the layers are held together by strong hydrogen bonds between the oxygen from the tetraedral layer and the hydrogen from the octahedral hydroxyl group. Halloysite in opposition to kaolinite is characterized by a large number of substitutions of Al atoms in the octahedral layer with divalent atoms (usually Mg or Fe), trivalent Fe or tetradent Ti. In addition, Si in the tetrahedral layer is often replaced by Al. These substitution effects are changing the local microstructure, creating new opportunities for different ties on both sides of a single layer, which is not possible in the case of montmorillonite. Halloysite, in contrast to montmorillonite swells in water to a minimal extent. Single plates are loosely dispersed in the water and act as carriers for other ions. This mineral has a high affinity for monovalent cations: Ka, Na Li, Cs and it is much higher than for polyvalent cations such as Ca and Mg [23] . In halloysite there are two types of hydroxyl groups, internal and external present on the surface of the nanotubes and between the layers. Because of the multi-layer structure, the majority are internal groups. The density of surface hydroxyl groups is lower [35, 36] .
Halloysite traps particles in various ways, including adsorption on the internal and external walls, intercalation or loading of the substances within the gap and crystallization. Frost et al. distinguished 3 groups of substances that could intercalate to the halloysite layers. The first group are compounds that form strong hydrogen bonds with silicon tetrahedrons, eg urea, hydrazine, acetamide, etc. These substances must contain NH 2 or OH groups. The second group are substances that can interact with the silica layer by strong dipole interactions, eg dimethylsulfoxide. The third group are organic salts (mainly acetates or propionates) of alkali metals such as potassium or sodium, which can interact with the alumina layer through their anions. The intercalation phenomenon is strongly related to the presence of interlayer water, completely dehydrated halloysite does not show intercalation [37] .
APPLICATION
Halloysite, because of the prevalence of occurrence, ease of functionalization and well-defined structure conducive to sorption processes, enjoys great interest and finds a lot of uses. Historically, halloysite has been used primarily in the ceramic industry because of its high L/D ratio and high temperature resistance [38] . Due to its non-toxicity [39] , it is used in controlled and prolonged release of drugs [28] [29] [30] [31] [32] [33] [34] [35] or bioactive molecules, medical implants [40] , tumor cell isolation, nanoreactors [41, 42] . Halloysite-based nanocomposites [43] are also of great interest, particularly in terms of their structural properties, ion exchange or hydrophobicity. Halloysite is a versatile material for loading of various functional groups. It is modified to obtain specific chemical and physical properties. HNTs (Halloysite Nano Tubes) based polymeric nanocomposites [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] are characterized by high efficiency, selectivity, mild experimental conditions, simple recovery, reduced thermal expansion, and they are environmentally friendly. Combination with TiO 2 [54] increases the removal of organic contaminations, improves photocatalytic activity and dispersibility. Additive in polymer composites allows for enhanced strengths and functionality (eg self-propelling epoxy resin, bone implants). Nanotubes can sorb different substances derived from simple organic and inorganic molecules, to high molecular weight polymers, and biologically active compounds [ [55] . They allow sorption in 10-30% of chemical weights from saturated or molten solutions. There is guaranteed controlled and long-lasting release. Thanks to the nanotube form this mineral has found a wide application in nanotechnology. The presence of opposing charges on the surface of the material allows selective immobilization of charged particles. HNTs can adsorb proteins at 4-8% by weight in the gaps and on the surface, depending on the protein load. 1/3 of them are released within 10-30h. This adsorption mainly depends on the protein charge and the process conditions. Adsorbed proteins exhibit greater thermal stability and temporary biocatalytic capacities. Due to its high catalytic activity [56] [57] [58] [59] , it can be used in the conversion process of the oil, in remediation of water [60, 61] or in the separation of liquids and gaseous mixtures. In paper production, the modification of wood fibers by halloysite allows for increased brightness and porosity of paper. For the first time, the defect described the complexes of inorganic salts with halloysite, where these salts were incorporated into the mineral structure by replacing the interstitial water molecules. These were, among others chloride, acetate, ammonia or potassium phosphate complexes. The process of intercalation was dependent on the size and charge of the ions [62, 63] . Empty space within the nanotube enables sorption of biomolecules, immobilization of catalysts in the form of metallocomplexes. The mineral can be used for controlled release of pesticides [64] , anti-corrosion agents. It allows for prolonged drugs release. It is used to improve the mechanical properties of cement where it increases the compressive strength, as a carrier of fertilizers [65, 66] . Halloysite is also used as a feed additive where it is beneficial for animal health to reduce the emission of gases from farms. The deposition of metal particles such as gold and silver on HNT is of interest because of the ability to induce surface plasmon resonance that can be used in Raman scattering (SERS) and to apply such nanocomposites in photonics [67, 68, 69] . In addition, they can be used in biomedicine for antimicrobial treatment.
Removal of heavy metal ions, certain dyes or some organic contaminants from contaminated water resources is based on the dominant adsorption mechanism. The HNT material-based adsorption process is complex, can include physical and / or chemical sorption, complexation effect, or a combination of adsorption and degradation. Double mechanism is more effective in removing degradable contaminations. HNT can be functionalized as TiO 2 , ZnO, Ag, CeO 2 to remove dyes from aqueous media based on a double mechanism. HNT are able to improve the mechanical strength, thermal stability and separation properties of polymer membranes. Such modified membranes typically are endowed with relatively high hydrophilicity, water jet, mechanical strength and thermal stability. They have important antimicrobial properties desired in the water treatment process.
Halloysite can also be used as a substrate for the production of adsorbents for the adsorption / degradation of phenol-based impurities. Zhang and his co-workers synthesized modified halloysite by chitosan. Halloysite added to the soil improves its physicochemical properties by increasing the pH and the soil sorption capacity. It increases the amount of biomass compared to control crops in which the soil was contaminated by heavy metals. Hence, halothane can be used as a factor to support the phytoremediation of soils contaminated with heavy metals [70] [71] [72] [73] [74] [75] [76] [77] . Zhao and Liu used HNT to remove the cationic methylene dye from aqueous solutions [78] [79] [80] . Kilislioglu and Bilgin have studied the adsorption of uranium by HNT.
Halloysite is an alternative to much more expensive carbon nanotubes (Table 1) . By using sucrose as a precursor of carbon and halloysite by polymerization and carbonization, porous coals can be obtained. The process is relatively simple and cost is less than by the high temperature carbonation process [81] . For functionalization of HNT there are various methods, such as the activation of acids, intercalation, thermo-chemical treatment and chemical modification. All these ways affect the improvement of HNT properties. After acid/base treatment, the porosity of the mineral can increase 6-7 times. Sulfuric acid treatment releases several processes such as nanoparticle disaggregation, elimination of mineral contaminations and dissolution of the outer layers. The main purpose of these processes is to break up the structure of the aluminum minerals, which results in an increase in the surface area and BET specific surface area. In the literature we find information that the BET surface and pore volume increase by approximately 13 times. Zhangetal described that the micropores in this case remain intact until the crystalline structure is formed, while the mesopores increase size [82] [83] [84] .
CONCLUSION
Halloysite is a widely available, environmentally neutral mineral. It has a large surface area with differentiated sorption mechanisms. Different pore size causes different release times of adsorbed molecules. Due to the low price it is an alternative to carbon nanotubes and is widely used.
